Introduction
============

Four and a half LIM protein 1 (FHL1) belongs to the LIM-only protein family, characterized by four complete LIM domains, preceded by an N-terminal half LIM domain \[[@b1]\]. LIM domains are cysteine-rich zinc finger motifs mediating protein--protein interactions with transcription factors, cell-signalling molecules and cytoskeleton-associated proteins. FHL1 plays important roles in skeletal and cardiac muscle growth \[[@b2], [@b3]\]. Recently, FHL1 has been shown to play roles in carcinogenesis. FHL1 expression is down-regulated in various types of malignancies including breast cancer, gastric cancer, lung cancer, prostate cancer, ovary cancer, colon cancer, thyroid cancer, brain tumour, renal cancer, liver cancer and melanoma \[[@b4]\]. FHL1 is a tumour suppressor gene that acts downstream of Src and Cas to specifically block mouse cancer cell growth and migration. Most recently, we showed that FHL1 physically and functionally interacts with Smad2, Smad3 and Smad4, important regulators of cancer development and progression, and suppresses human hepatoma cell growth \[[@b5]\]. However, the detailed mechanism by which FHL1 exerts its tumour suppressive role is still poorly understood.

Oestrogens play an important role in the development and progression of breast cancer \[[@b6]\]. The biological effects of oestrogens are mediated by two forms of oestrogen receptors (ERs), ERα and ERβ, which belong to a large superfamily of nuclear receptors \[[@b7], [@b8]\]. ERα and ERβ exhibit similar structural and functional features, with N-terminal oestrogen-independent activation function domain (AF1), C-terminal oestrogen-dependent activation function domain (AF2) and centrally located DNA binding domain (DBD) \[[@b9]\]. ERs, bound to oestrogen-responsive elements (EREs) as dimers, can recruit co-activators and co-repressors to regulate oestrogen-responsive gene expression and breast cancer cell growth \[[@b10]--[@b15]\]. However, the intracellular signalling pathways regulating ER activity are not fully elucidated.

In this study, we report that FHL1 physically and functionally interacts with ERα and ERβ. FHL1 expression inversely associates with ER target gene expression both in breast cancer cell lines and in breast cancer patients. FHL1 inhibits anchorage-dependent and-independent breast cancer cell growth.

Materials and methods
=====================

Plasmids
--------

The reporter construct ERE-Luc (oestrogen-responsive element-containing luciferase reporter) and expression vectors for ERα and ERβ have been described previously \[[@b16]\]. The FLAG-tagged FHL1 expression plasmid was cloned into a pcDNA3 vector linked with FLAG at the amino terminus by PCR using mammary cDNA library (Clontech, Mountain View, CA, USA) as the template. Plasmids encoding glutathione S-transferase (GST)-fusion proteins were prepared by amplification of each sequence by standard PCR methods, and the resulting fragments were cloned in frame into pGEX-KG (Amersham Pharmacia Biotech, Little Chalfont, UK) using appropriate sites. Deletion mutants of FHL1 were constructed by inserting PCR-generated fragments from the corresponding FHL1 cDNA into the pcDNA3-FLAG vector. All of the constructs were confirmed by DNA sequencing.

Yeast two-hybrid assay
----------------------

The bait plasmid was generated by inserting PCR-amplified cDNA fragment encoding the AF1 domain (amino acids 1--145) of ERβ into pGBKT7 (Clontech). The Matchmaker two-hybrid system (Clontech) was used to isolate proteins that interacted with the ERβ bait protein. The bait plasmid and a human mammary gland cDNA library (Clontech) were sequentially transformed into AH109 yeast cells as previously described \[[@b17]\].

GST pull-down assay
-------------------

The GST alone and GST fusion proteins were expressed in bacteria and purified according to the manufacturer's protocols (Amersham Pharmacia). ERα or ERβ was translated *in vitro* in the TNT system (Promega, Madison, WI, USA). ^35^S-labelled ERα or ERβ was incubated with GST or GST fusion proteins bound to glutathione-Sepharose beads, and the adsorbed proteins were analysed as previously described \[[@b18]\].

Co-immunoprecipitation
----------------------

Cells were transfected with indicated plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Cells were harvested and lysed in lysis buffer. Co-immunoprecipitation was performed with anti-FLAG (Sigma-Aldrich, St. Louis, MO, USA) or anti-ERα (Santa Cruz Biotechnology, Delaware Avenue, CA, USA) as previously described \[[@b19]\].

Luciferase assay
----------------

Cells were seeded in 24-well plates containing phenol red-free DMEM medium (Invitrogen) supplemented with 10% charcoal-stripped fetal bovine serum (FBS) (Hyclone, Logan, UT, USA). Transfections were performed with Lipofectamine 2000 (Invitrogen). After treatment with 1 nM 17β-estradiol (E2), 1 nM propyl pyrazoletriol (PPT), 1 nM diaryl-propionitrile (DPN), 100 nM 4-hydroxytamoxifen (4-OHT) or 100 nM ICI 182,780 for 24 hrs, the cells were harvested. Cell extracts were analysed for luciferase and β-galactosidase activities as described previously \[[@b18]\].

SiRNA experiments
-----------------

The cDNA target sequences of siRNAs for FHL1 were AAGGAGGTGCACTATAAGAAC and AATCTGGCCAACAAGCGCTT T, and were cloned into pSilencer2.1-U6 neo (Ambion, Austin, TX, USA), respectively. Co-transfection of the two vector based siRNAs into breast cancer cells was performed with Lipofectamine 2000 (Invitrogen).

Gel shift assay
---------------

The ERE (5′-AGCTCTTTGATCAGGTCACTGTGACCTGACTTT-3′) or mutant ERE (EREM; 5′-AGCTCTTTGATCAGTACACTGTGACCTGACTTT-3′) probes were labelled with Biotin 3′-End DNA Labeling kit (Pierce) as instructed by the manufacturer. Gel-shift assays were performed with LightShift Chemi-luminescent EMSA kits (Pierce, Rockford, ID, USA). Briefly, binding reactions containing 10 μg of nuclear extracts and 1 nmol of oligonucleotide were performed for 30 min. in binding buffer (2.5% glycerol, 0.05% Nonidet P-40, 50 mM KCl, 5 mM MgCl2, 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM Tris, pH 7.6 and 50 ng of poly(dI-dC)). Protein--nucleic acid complexes were resolved using a non-denaturating polyacrylamide gel consisting of 6% acrylamide, and transferred to a 100% nitrocellulose membrane with 0.45 μM pore size (Amersham Biosciences, Bath, UK). The membrane was incubated in blocking solution followed by incubation with streptavidin-peroxidase. After extensive washing, signal was detected with chemiluminescence solution.

Cell growth assays
------------------

Anchorage-dependent cell proliferation was analysed by crystal violet assay as described previously \[[@b17]\]. For anchorage-independent growth assay, cells (2 × 10^4^) were seeded on 6-cm plates, with a bottom layer of 0.6% low-melting-temperature agar in DMEM and a top layer of 0.35% agar in DMEM. Colonies with greater than 100 mm diameter were scored after 5 weeks of growth.

Chromatin Immunoprecipitation (ChIP)
------------------------------------

Breast cancer cells were cultured in phenol red-free medium for at least 3 days and treated with either ethanol (vehicle) or 10 nM E2 for 1 hr. ChIP assays were performed as described previously with minor modification \[[@b20]\]. Briefly, cells were cross-linked with 1% formaldehyde, pelleted and resuspended in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, at pH 8.1 and protease inhibitors). Cells were sonicated, followed by centrifugation to remove insoluble material. Supernatants were collected and incubated overnight at 4°C with anti-ERα antibody or Normal IgG (Santa Cruz Biotechnology). Protein G-Sepharose beads (Santa Cruz Biotechnology) were then added and incubated for 1 hr at 4°C. The beads were washed, and precipitated chromatin complexes were then eluted with 100 ml of elution buffer (1% SDS, 0.1 M NaHCO3). Cross-linking was reversed by an overnight incubation at 65°C. DNA was purified using Qiaquick PCR purification kit (Qiagen, Hamburg, Germany). The following primers were used for ChIP PCR analysis: pS2 promoter sense, 5′-GGCCATCTCTCACTATGAATCACT-3′; pS2 promoter antisense, 5′-GGCAGGCTCTGTTTGCTTAAA-3′; pS2 upstream sense, 5′-TGATTCTCCTGACTTAACCTCC-3′; pS2 upstream antisense, 5′-CACGCTGTAATCCCAACACTTTG-3′.

Immunohistochemistry
--------------------

Breast cancer samples and adjacent non-cancerous tissues were obtained from the Chinese PLA General Hospital with the informed consent of patients and with approval for experiments from the Chinese PLA General Hospital and Beijing Institute of Biotechnology. Immunohistochemistry was performed as described previously \[[@b19]\]. Rabbit anti-FHL1 (Proteintech, Chicago, IL, USA) was used as primary antibody.

Statistical analysis
--------------------

Statistical significance in the luciferase activity and cell growth assays among constructs was determined by two-tailed Student's t-test. The association of FHL1 expression with single clinical factor was assessed by Mann-Whitney *U*-test, Fisher's exact test or Pearson chi-square test. Statistical calculations were performed with SPSS 13.0. P-values of less than 0.05 were considered statistically significant.

Results
=======

Interaction of FHL1 with ERα and ERβ*in vitro* and *in vivo*
------------------------------------------------------------

To identify potential co-regulators that interact with ERβ, we screened a human mammary cDNA library using amino acids 1--145 of ERβ containing N-terminal AF1 domain as bait in the yeast two-hybrid system. FHL1 was identified as an ERβ-interacting protein. The specificity of this interaction was confirmed by a direct two-hybrid binding assay ([Fig. 1A](#fig01){ref-type="fig"}). Transformation of yeast cells with FHL1 in pACT2 vector alone or together with the GAL4 DNA-binding domain (DBD) in pAS2--1 vector or together with an unrelated protein, lamin C, fused to the GAL4 DBD instead of ERβ(1--145), did not activate the his (growth) and lacZ (β-gal) reporter genes, suggesting the specific interaction of FHL1 with ERβ.

![FHL1 interacts with ERα and ERβ*in vitro* and *in vivo*. (A) AH109 yeast cells were transformed with different plasmids (bait and prey) and grown on SD/-Trp-Leu-His-Ade. +, grown within 96 hrs; −, no growth within 96 hrs. Positive colonies were tested for β-galactosidase (β-gal) activity. +, turned blue within 2 hrs; −, did not turn blue within 2 hrs. (B) Mapping of the FHL1 interaction region in ERβ. AH109 cells were transformed with indicated constructs and analysed as in (A). Also shown at top of the graph is a schematic diagram of the ERβ protein, illustrating the locations of various domains. (C) Glutathione-Sepharose beads bound with GST-FHL1 or with GST were incubated with ^35^S-labelled ERα or ERβ. After washing the beads, the bound proteins were subjected to SDS-PAGE followed by autoradiography. (D and E) FLAG-tagged FHL1 and HA-tagged ERα (D) or ERβ (E) were co-transfected into 293T cells. Cells were treated with or without 1 nM E2 for 2 hrs. Cell lysates were immunoprecipitated (IP) by anti-FLAG antibody, and the precipitates were immunoblotted with anti-HA antibody. (F) MCF7 cells, cultured in the absence of oestrogen for 3 days, were treated with 1 nM E2 for 2 hrs. Cell lysates were immunoprecipitated with either anti-ERα antibody or pre-immune control serum. The precipitates were analysed by immunoblot using anti-FHL1.](jcmm0015-0072-f1){#fig01}

To examine whether FHL1 specifically interacts with amino acids 1--145 of ERβ, different ERβ mutants were made for yeast two-hybrid experiments. FHL1 did not interact with ERβ(131--324) containing the DBD and hinge region, ERβ(255--504) containing part of hinge region and entire AF2 domain, and ERβ(490--530) ([Fig. 1B](#fig01){ref-type="fig"}).

Since ERβ shares similarity with ERα, the possibility that FHL1 interacts with ERα was investigated using GST pull-down assay. As shown in [Fig. 1C](#fig01){ref-type="fig"}, GST-FHL1, but not GST, bound to *in vitro* translated ERα and ERβ proteins, with comparable binding affinity.

To investigate FHL1 and ER protein interaction in mammalian cells, co-immunoprecipitation assays were performed with human embryonic kidney 293T cells. FLAG-tagged FHL1 co-immunoprecipitated HA-tagged ERα and ERβ in 17b-estradiol (E2)-independent manner ([Fig. 1D, E](#fig01){ref-type="fig"}). The physiological interaction of FHL1 and ERα was confirmed by co-immunoprecipitation assays with human breast cancer MCF7 cells. Endogenous ERα co-precipitated with FHL1 in E2-independent manner ([Fig. 1F](#fig01){ref-type="fig"}). Taken together, these data suggest that FHL1 interacts with ERα and ERβ*in vitro* and *in vivo*.

FHL1 modulates the transcriptional activity of ERα and ERbb
-----------------------------------------------------------

To determine whether the FHL1-ERα/ERβ interaction affects oestrogen-responsive gene transcription, ERα^−^ and ERβ^+^ MCF7 cells were co-transfected with the oestrogen-responsive reporter, ERE-Luc, and FLAG-tagged FHL1 or FHL1 small interfering RNAs (siRNAs). Both in the presence and absence of E2, FHL1 overexpression decreased ERE-Luc reporter activity ([Fig. 2A](#fig02){ref-type="fig"}). With ERα-specific agonist, PPT, or ERβ-specific agonist, DPN, FHL1 overexpression also inhibited ERE-Luc reporter activity, suggesting that FHL1 regulates both ERα and ERβ transcriptional activity. FHL1 also inhibited ERE-Luc reporter activity in human breast cancer ZR75--1 cells ([Fig. 2B](#fig02){ref-type="fig"}). Transient co-expression of FHL1 and ER did not affect the protein levels of ERα and ERβ in MCF7 and ZR75--1 cells (data not shown), so the decrease of the transactivation of ERα and ERβ by FHL1 was not due to a modulation of the protein levels of ERα and ERβ. Consistent with the results of FHL1 overexpression, siRNA knockdown of endogenous FHL1 increased ERE-Luc reporter activity ([Fig. 2C](#fig02){ref-type="fig"}).

![FHL1 regulates oestrogen-responsive reporter gene transcription. (A) MCF7 cells were co-transfected with 0.2 μg of ERE-Luc and 1.0 mg of the expression vector for FHL1. Cells were treated with or without 1 nM E2, 1 nM PPT and 1 nM DPN, and analysed for luciferase activity. Values are mean ± S.D. of triplicate measurements and have been repeated three times with similar results. \**P* \< 0.05 *versus* empty vector without E2. ^\#^*P* \< 0.05 *versus* empty vector with E2. ^\$^*P* \< 0.01 *versus* empty vector with PPT. ^%^*P* \< 0.05 *versus* empty vector with DPN. (B) ZR75--1 cells were co-transfected with 0.2 mg of ERE-Luc and 1.0 mg of the expression vector for FHL1. Cells were then treated with 1 nM E2 for 24 hrs before the luciferase assay. Values are mean ± S.D. of triplicate measurements and have been repeated three times with similar results. \**P* \< 0.05 *versus* empty vector without E2. ^\#^*P* \< 0.01 *versus* empty vector with E2. (C) ZR75--1 cells were co-transfected with 0.2 mg of ERE-Luc and increasing amounts of FHL1 siRNAs as indicated. Cells were treated and analysed as in (A). The representative immunoblot with anti-FHL1 indicates specific knockdown of endogenous FHL1 by 0.5, 1.0, 2.0 mg of FHL1 siRNAs in the presence of E2 (lower panel). \**P* \< 0.01 *versus* control siRNA without E2. ^\#^*P* \< 0.05 *versus* control siRNA with E2. ^\$^*P* \< 0.01 *versus* control siRNA with E2.](jcmm0015-0072-f2){#fig02}

Interaction of FHL1 and ER is required for repression of oestrogen-responsive transcription
-------------------------------------------------------------------------------------------

To investigate whether the interaction of FHL1 and ERα regulates oestrogen-responsive transcription, we used deletion analysis to map the interaction domains of ERα in co-immunoprecipitation experiments. Similar to the ERβ domain mapping results in the yeast two-hybrid, the ERα(1--185) fragment containing the AF1 domain bound specifically to FHL1. In contrast, the ERα(180--282) fragment containing the DBD domain, and the ERα(282--595) containing the AF2 domain, did not bind FHL1 ([Fig. 3A](#fig03){ref-type="fig"}). Next we examined which FHL1 protein region mediates interaction with ERα. Deletion of the C-terminal fourth LIM domain of FHL1 (FHL1\[1--228\]) had no effect on the binding to ERα and deletion of the N-terminal half LIM domain (FHL1\[56--280\]) reduced but did not abolish the ability of the FHL1 protein to associate with ERα ([Fig. 3B](#fig03){ref-type="fig"}). Larger deletions (FHL1\[1--169\] and FHL1\[168--280\]) abolished the interaction. These results suggest that the LIM domains 1, 2 and 3 of FHL1 are necessary for the interaction with ERα. Importantly, unlike FLAG-tagged wild-type FHL1 and FHL1(1--228) that bind ERα, FLAG-tagged FHL1(1--169), which failed to bind ERα, did not repress ERE-Luc reporter activity but increased the activity ([Fig. 3C](#fig03){ref-type="fig"}). Notably, FLAG-tagged FHL1, FHL1(1--228) and FHL1(1--169) were expressed at comparable levels ([Fig. 3C](#fig03){ref-type="fig"}).

![Interaction of FHL1 and ER is required for repression of oestrogen-responsive reporter activity. (A) Mapping of the FHL1 interaction region in ERα. HA-tagged FHL1 and FLAG-tagged full-length ERα or its deletion mutants were co-transfected into 293T cells in the presence of E2. Cell lysates were immunoprecipitated by anti-HA and the precipitates were then immunoblotted with anti-FLAG antibody. Also shown are schematic diagrams of the constructs used in this study. (B) Mapping of the ERα interaction region of FHL1. 293T cells were co-transfected with lac-tagged ERα and FLAG-tagged full-length FHL1 or its mutants in the presence of E2. Lysates from the transfected cells were immunoprecipitated with anti-FLAG antibody, and the immunoprecipitates were assayed with anti-lac antibody. Also shown are schematic diagrams of the constructs used in this study. (C) Luciferase assay with ZR75--1 cells co-transfected with 0.2 mg of ERE-Luc and 1.0 mg of FLAG-tagged FHL1, FHL1(1--228), or FHL1(1--169) as indicated (upper panel). Values are mean ± S.D. of triplicate measurements and have been repeated three times with similar results. Expression of FLAG-tagged FHL1, FHL1(1--228) and FHL1-(1--169) was detected by immunoblotting with anti-FLAG (lower panel). \**P* \< 0.05 *versus* empty vector without E2. ^\#^*P* \< 0.01 *versus* empty vector without E2. ^\$^*P* \< 0.05 *versus* empty vector with E2. ^%^*P* \< 0.01 *versus* empty vector with E2. (D) Luciferase assay with SKBR3 cells co-transfected with ERE-Luc and increasing amounts of FHL1, in the absence and presence of ERα. Values are mean ± S.D. of triplicate measurements and have been repeated three times with similar results. \**P* \< 0.05 *versus* ERα without E2. ^\#^*P* \< 0.05 *versus* ERα with E2.](jcmm0015-0072-f3){#fig03}

To further determine whether ERα is required for FHL1-mediated repression of ERE-Luc reporter activity, human breast cancer SKBR3 cells, which lack endogenous ERα were used in the ERE-Luc assay. Co-transfection of FHL1 and the ERE-Luc reporter into SKBR3 cells did not decrease ERE-Luc reporter transcription, whereas co-transfection of these genes with human ERα expression vector led to repression of the ERE-Luc ([Fig. 3D](#fig03){ref-type="fig"}). These data strongly suggest that FHL1 acts through ERα to decrease ERE-Luc reporter transcription.

FHL1 decreases the expression of endogenous oestrogen-responsive genes
----------------------------------------------------------------------

To corroborate the results of the luciferase reporter assay, the effect of FHL1 on the expression of endogenous oestrogen-responsive genes was determined. The E2-deprived ZR75--1 cells transfected with either empty vector, FLAG-tagged wild-type FHL1 or FHL1(1--169) were treated with E2 and then harvested for immunoblotting. As expected, E2 stimulated the expression of pS2 and cathepsin D \[[@b21]\], two well-studied oestrogen-responsive genes ([Fig. 4A](#fig04){ref-type="fig"}). Importantly, overexpression of FHL1 decreased the expression of pS2 and cathepsin D with or without E2. Consistent with the results of the luciferase reporter assay, FLAG-tagged FHL1(1--169), which fails to bind ERα, did not inhibit the expression of pS2 and cathepsin D but increased that of pS2 and cathepsin D. Moreover, suppression of the endogenous expression of FHL1 by the specific FHL1 siRNAs markedly increased the expression of pS2 and cathepsin D in ZR75--1 cells ([Fig. 4B](#fig04){ref-type="fig"}). Similar results were obtained in MCF7 cells ([Fig. 4C and D](#fig04){ref-type="fig"}).

![FHL1 regulates oestrogen-responsive gene expression. (A) ZR75--1 cells transfected with expression vector of FLAG-tagged FHL1 or FHL1(1--169) were treated with or without 1 nM E2 for 24 hrs. Whole cell lysate was used for western blot analysis of the expression of the FLAG-tagged proteins and oestrogen-responsive target genes, pS2 and cathepsin D. The densitometric quantitation of pS2 and cathepsin D bands normalized to GAPDH from a representative experiment is presented as a histogram. (B) ZR75--1 cells transfected with FHL1 siRNAs or control vector were treated as in (A). Whole cell lysate was used for western blot analysis with the indicated antibodies. The densitometric quantitation of FHL1, pS2 and cathepsin D bands normalized to GAPDH from a representative experiment is presented as a histogram. (C and D) MCF7 cells transfected with expression vector of FHL1 (C) or FHL1 siRNAs (D) were treated and analysed as in (B).](jcmm0015-0072-f4){#fig04}

FHL1 regulates binding of ERα to oestrogen-responsive promoter
--------------------------------------------------------------

To investigate molecular mechanism by which FHL1 modulates ER transcriptional activity, the effect of FHL1 on ERα binding to ERE sequence was determined by gel shift assay. As expected, the biotin-labelled ERE, but not mutant ERE (EREM), bound to proteins from ER^+^ MCF7 nuclear extracts in the absence or presence of E2 ([Fig. 5A](#fig05){ref-type="fig"} and data not shown). The binding was specifically inhibited by a 100-fold molar excess of a cold ERE oligonucleotide. The addition of human anti-ERα antibody to the reaction caused a supershift, suggesting that ERα protein from MCF7 nuclear extracts specifically binds to ERE sequence. Importantly, overexpression of FHL1 abolished the binding of ERα to ERE ([Fig. 5A](#fig05){ref-type="fig"}). Opposite effects were observed with FHL1 siRNAs. Consistent with the results of the reporter gene transcription assays, the FHL1(1--228) mutant, which is as active as wild-type FHL1 in repression of ER transcriptional activity, also abolished ERα binding to ERE. Conversely, the FHL1(1--169) mutant, which increases ER transcriptional activity, enhanced the binding of ERα to ERE.

![FHL1 affects binding of ERα to ERE sequence. (A) Gel shift assay was performed with biotin-labelled ERE probe and nuclear proteins extracted from MCF-7 cells transfected with FLAG-tagged FHL1, FHL1(1--169) or FHL1(1--228), or FHL1 siRNAs. For competition experiments, a 100-fold molar excess of unlabelled ERE was incubated with the labelled probe. The biotin-labelled mutant EREM probe was used as a negative control. Supershifts were performed with specific anti-ERα antibody. (B) Soluble chromatin was prepared from FLAG-tagged FHL1 expressed MCF7 cells treated with 10 nM E2 and subjected to immunoprecipitation with normal serum (IgG) or anti-ERα. Immunoprecipitated DNA was PCR-amplified with primers that annealed to the proximal region of the pS2 promoter or to the region approximately 2 kb upstream of the promoter.](jcmm0015-0072-f5){#fig05}

To test whether FHL1 affects recruitment of ERα to an oestrogen-responsive promoter *in vivo*, chromatin immunoprecipitation (ChIP) experiments were performed for the pS2 promoter. As shown in [Fig. 5B](#fig05){ref-type="fig"}, ERα displayed a clear E2-stimulated recruitment to the pS2 promoter, but not a region approximately 2 kb upstream of the pS2 promoter. Consistent with the results of the gel shift assay, FHL1 overexpression decreased recruitment of ERα to the pS2 promoter ([Fig. 5B](#fig05){ref-type="fig"}). Taken together, these data suggest that FHL1 modulation of ER transcription activity may be through repression of ERα binding to the ERE sequence within oestrogen-responsive genes.

FHL1 inhibits breast cancer cell growth
---------------------------------------

To test the effect of FHL1 on breast cancer cell growth, the anchorage-dependent growth rate of ZR75--1 cells transfected with FHL1 or empty vector, or with FHL1 siRNAs or control siRNA, was examined. In the presence or absence of E2, ZR75--1 cells transfected with FHL1 grew more slowly than those with empty vector ([Fig. 6A](#fig06){ref-type="fig"}), whereas ZR75--1 cells transfected with FHL1 siRNAs grew faster than those with control siRNA ([Fig. 6B](#fig06){ref-type="fig"}). Similar results were observed in MCF7 cells (data not shown). In addition, in agreement with the results of the transcriptional experiments, the anti-oestrogens 4-OHT and ICI 182,780 further promoted the effect of FHL1 on breast cancer cell growth ([Fig. 6C](#fig06){ref-type="fig"}).

![FHL1 inhibits breast cancer cell growth. (A and B) ZR75--1 cells transfected with expression vector of FHL1 (A) or FHL1 siRNAs (B) were treated with or without 1 nM E2 and harvested at the indicated times. Cell number was determined by crystal violet assay. Values shown are mean ± S.D. of triplicate measurements and have been repeated three times with similar results. ^\#^*P* \< 0.05 *versus* empty vector or control siRNA without E2. \**P* \< 0.05 *versus* empty vector or control siRNA with E2. (C) ZR75--1 cells transfected with expression vector for FHL1 were treated with 100 nM 4-OHT or 100 nM ICI 182,780 in regular medium at the indicated times. Cell number was measured by crystal violet assay. \**P* \< 0.05 *versus* empty vector without 4-OHT or ICI 182,780. ^\#^*P* \< 0.05 *versus* empty vector with 4-OHT. ^\$^*P* \< 0.05 *versus* empty vector with ICI 182,780. (D) ZR75--1 cells transfected with FHL1 siRNAs or control siRNA were plated in soft agar and assayed for colony number after 5 weeks. Representative images show colonies in soft agar (upper panel). Scale bar: 100 μm. Values shown are mean ± S.D. of triplicate measurements (lower panel) and have been repeated three times with similar results. \**P* \< 0.01 *versus* control siRNA without E2. ^\#^*P* \< 0.01 *versus* control siRNA with E2.](jcmm0015-0072-f6){#fig06}

We then detected the effect of FHL1 on anchorage-independent breast cancer cell growth. As shown in [Fig. 6D](#fig06){ref-type="fig"}, reduction of endogenous FHL1 with FHL1 siRNAs increased the anchorage-independent growth of ZR75--1 cells. Similar results were seen in MCF7 cells (data not shown). Taken together, these results indicate that FHL1 represses breast cancer cell growth.

FHL1 expression in breast cancer patients and its correlation with clinical factors
-----------------------------------------------------------------------------------

FHL1 has been shown to be down-regulated in 15 breast cancer patients \[[@b22]\]. We further detected the expression of FHL1 by immunohistochemistry in 46 pairs of human breast tumours and matched non-tumour breast tissues. Similar to the previous report, 91.3% (42/46) of non-tumour breasts expressed FHL1, while only 30.4% (14/46) of cancerous tissues stained positive for FHL1 ([Fig. 7](#fig07){ref-type="fig"}). Focusing on paired tumour and normal tissues, in 67.4% (31/46) of patients, the expression levels of FHL1 in tumours were lower than those in adjacent normal tissues; in 26.1% (12/46) of patients, normal tissue and breast cancer had similar staining patterns; and in only 6.5% (3/46) of patients, the staining scores in cancers were higher than that in normal tissues. The specificity of the staining was confirmed by immunohistochemistry using phosphate-buffered saline substituted for anti-FHL1 antibody or by immunofluorescence analysis of FHL1 overexpression or knockdown cells with anti-FHL1 ([Fig. 7](#fig07){ref-type="fig"}).

![FHL1 expression in human breast cancer specimens and cell lines. (A--C) A case of breast carcinoma showed negative staining of cancerous cells (A) compared with positive staining of adjacent non-cancerous cells (B) using anti-FHL1. The same normal tissue was immunostained in the absence of the primary antibody (C). (A--C), original magnification, ×200. (D) Protein extracts from five breast cancer cell lines were analysed by Western blot analysis with the indicated antibodies. Tubulin was used as a loading control.](jcmm0015-0072-f7){#fig07}

FHL1 expression did not correlate with age, tumour size, lymph node status, ER expression and progesterone receptor (PR) expression (P . 0.05) ([Table 1](#tbl1){ref-type="table"}), but positively correlated with the expression of epidermal growth factor 2 (Her2/n), a prognostic biomarker in breast cancer (*P* \< 0.05). Interestingly, consistent with the results of the *in vitro* cultured breast cancer cells, FHL1 expression in breast cancer patients negatively associated with the expression of the oestrogen-responsive target gene pS2 (*P* \< 0.05) ([Table 1](#tbl1){ref-type="table"}).

###### 

Correlations between FHL1 expression and clinical factors

  **Clinical characteristics**   **FHL1^−^*n*= 32**   **FHL1^+^*n*= 14**   ***P***
  ------------------------------ -------------------- -------------------- ---------------------------------------------
  Age                                                                      
  Mean ± S.D.                    53.0 ± 10.6          50.4 ± 15.8          [\*](#tf1-1){ref-type="table-fn"}*P*= 0.403
  Median                         53.5                 50.5                 
  Tumour size                                                              
  \<20 mm                        12                   2                    ^†^*P*= 0.169
  ≥20 mm                         20                   12                   
  Lymph node status                                                        
  Node negative                  16                   6                    ^‡^*P*= 0.655
  Node positive                  16                   8                    
  ER                                                                       
  Negative                       6                    6                    ^†^*P*= 0.143
  Positive                       26                   8                    
  PR                                                                       
  Negative                       4                    4                    ^†^*P*= 0.222
  Positive                       28                   10                   
  Her2/ν                                                                   
  Negative                       24                   6                    ^†^*P*= 0.048
  Positive                       8                    8                    
  pS2                                                                      
  Negative                       4                    6                    ^†^*P*= 0.047
  Positive                       28                   8                    

Mann-Whitney *U*-test; ^†^Fisher's exact test; ^‡^Pearson chi-square test.

We next examined the expression of FHL1, pS2 and Her2 proteins in two ERα^+^ (MCF7 and ZR75--1) and three ERα^--^ (SKBR3, MDA-MB-453 and MDA-MB-468) breast cancer cell lines ([Fig. 7D](#fig07){ref-type="fig"}). FHL1 was highly expressed in SKBR3, MDA-MB-468 and ZR75--1 cells, and low levels seemed to exist in MCF7 and MDA-MB-453 cells. pS2 proteins were detected in the ERα^+^ but not the ERα^--^ breast cancer cell lines. As previously reported \[[@b23]\], Her2 was expressed in SKBR3 and MDA-MB-453 cells. Interestingly, FHL1 protein levels correlated with pS2 levels in the two ERα^+^ breast cancer cell lines, and SKBR3 cells, which expressed the highest level of FHL1, also expressed the highest level of Her2.

Discussion
==========

Our present study establishes a new role for FHL1 as a negative regulator of ER-mediated transcription as well as breast cancer cell growth. FHL1 physically and functionally interacts with ER, and represses ER transcriptional activity as well as ER target protein expression in breast cancer cell lines and/or breast cancer patients, suggesting that FHL1 is an important co-repressor for ER. Most recently, FHL1 gene was found to be mutated in X-linked dominant scapuloperoneal myopathy and reducing body myopathy \[[@b24], [@b25]\]. It will be interesting to investigate whether FHL1 gene is mutated in breast cancer patients. FHL1 is down-regulated in the majority of breast cancer patients. Overexpression of FHL1 reduced both anchorage-dependent and anchorage-independent breast cancer cell growth. Therefore, FHL1 may be a useful target for breast cancer gene therapy.

ERα and ERβ have been reported to regulate distinct biological functions. Oestrogen *via* ERα induces cell proliferation and suppresses apoptosis, whereas ERβ opposes the proliferative effect of ERα in normal murine mammary epithelial cells \[[@b26]\]. When ERβ is co-transfected with ERα, it inhibits ERα transcriptional activity, indicating that ERβ is a negative regulator of ERα\[[@b27]\]. The facts that FHL1 inhibits both ERα and ERβ transcriptional activities and breast cancer cell growth suggest that the relative ratio of ERβ or FHL1 to ERα may be important factors responsible for breast cancer development and progression. Conceivably, cells with higher ERα levels and lower FHL1 or ERβ levels might readily develop breast cancer and have more malignant phenotype. Although many ERα-induced target genes \[[@b21]\], such as pS2 and cathepsin D, have been identified and well characterized, little is known for ERβ-induced downstream genes. Stossi *et al*. reported that, of 85 up-regulated genes, 52 were commonly regulated by ERα and ERβ in U2OS human osteosarcoma cells \[[@b28]\]. Thus, we also cannot exclude the possibility that FHL1 may modulate genes regulated commonly through ERα or ERβ. The detailed function of FHL1 on ERβ remains to be investigated.

To date, a number of co-repressors for ERα have been identified. The majority of reported ERα co-repressors, such as nuclear receptor corepressor (NCoR) \[[@b29]\], silencing mediator for retinoid and thyroid hormone receptors (SMRT) \[[@b30]\], receptor-interacting protein (RIP)140 \[[@b31]\] and breast cancer susceptibility gene (BRCA)1 \[[@b32], [@b33]\], bind to the AF2 domain of ERα. These co-repressors can decrease ERα transcriptional activity in a ligand-dependent manner. However, it has become clear that the ligand-independent AF-1 domain of ER is also important in regulation of oestrogen signalling. For instance, repressor of tamoxifen transcriptional activity (RTA) has been shown to interact with the AF-1 region of ERα and inhibit ERα transcriptional activity \[[@b34]\]. Like RTA, FHL1 binds to the AF-1 domain in the presence and absence of oestrogen, and FHL1 regulates ER transcriptional activity in a ligand-independent manner.

It has been reported that FHL family members play important roles in regulation of gene transcription. For instance, FHL2, FHL3 and activator of CREM in testis (ACT) bind and regulate the activity of multiple transcription factors, including androgen receptor (AR) \[[@b35]\], activator protein-1 (AP-1) \[[@b36]\], cyclic-AMP response element binding protein (CREB) \[[@b37]\], promyelocytic leukaemia zinc finger protein (PLZF) \[[@b38]\], serum response factor (SRF) \[[@b39]\] and Forkhead box class O protein 1 (FOXO1) \[[@b40]\]. Notably, FHL2 has been shown to interact with the AF1 domain of ERα, but have no effect on ERα-dependent transcriptional activity in African green monkey kidney COS-1 cells \[[@b41]\]. Like FHL2, FHL1 binds to the AF1 domain of ER, possibly due to 47.9% identical sequence between FHL1 and FHL2. However, our study showed that FHL1 can regulate ER transcriptional activity in breast cancer cells. It will be of interest to investigate whether FHL2 and other FHL family members can modulate oestrogen signalling in breast cancer cells.

Different co-repressors regulate steroid receptor activity through a variety of mechanisms, including chromatin remodelling, histone deacetylation, modulation of basal transcriptional apparatus, competition with coactivators, interference with DNA binding and ERα homodimerization, alteration of ERα stability, sequestration of ERα in the cytoplasm and effects on RNA processing. Most fully characterized are NCoR and SMRT, which function by recruiting different HDAC protein complexes. The fact that FHL1 affects ERα binding to ERE *in vitro* and *in vivo* and such function correlates with FHL1 repression of ERα transcriptional activity suggests that FHL1 regulates ERα transcriptional activity through interference with DNA binding. Since most co-repressors modulate the activity of nuclear receptor through more than one mechanism, it is possible that FHL1 has other ways to inhibit ERα transcriptional activity.
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